Objectives: Although founder viruses in primary HIV-1 infections (PHIs) typically use the CCR5 coreceptor (R5-tropic), 3%-19% of subjects also harbour CXCR4-using viruses (X4-tropic), making tropism determination before CCR5 antagonist usage mandatory. Genotypic methods can be used to accurately determine HIV-1 tropism in chronically infected patients.
Introduction
Depending on the affinity for the CCR5 or CXCR4 coreceptor, HIV strains can be classified either as R5-tropic or as X4-tropic variants or as R5X4 dual-tropic if both coreceptors can be used. 1 Current guidelines require viral tropism determination before CCR5 antagonist (maraviroc) initiation, both in treatment-experienced and in treatment-naive patients. 2, 3 Although the majority of strains observed during primary HIV infection (PHI) are found to be exclusively R5-tropic, 4 ,5 X4/R5X4 viruses continue to be detected during HIV-1 PHI with frequencies of 3% -17.2%, depending on the assay used to measure HIV-1 tropism. 5, 6 Indeed, viral tropism can be determined both through phenotypic and genotypic assays. Phenotypic assays are expensive and time consuming and for these reasons they have been progressively replaced by genotypic assays. These tests predict viral coreceptor tropism based on sequence analysis of the V3 region. 7 Currently, geno2pheno, 8 -10 PSSMx4r5 (PSSM) 11, 12 and distant segments (ds)Kernel 13 are the most frequently used bioinformatics tools for coreceptor prediction in routine laboratories. Here we report a new version of PSSM that allows direct uploading of nucleotide sequences (including those with mixed bases) to perform tropism prediction on all permutated combinations (ntPSSM).
Recent data from our group showed that in PHI a high level of discrepancy is observed between the genotypic assays.
14 Thus, in this novel paper, for the first time in the setting of PHI, we analysed those V3 loop sequences that were predicted to belong to CXCR4-using variants by any of the genotypic methods available and compared these results with an in-house phenotypic assay using fully replication competent viruses.
Materials and methods
The study included 67 patients with PHI, after approval by the San Raffaele Ethics Committee and patients' informed consent. PHI was defined on the basis of positive plasma HIV RNA and a negative/indeterminate western blot assay. Samples were collected 21 (10 -31) days after diagnosis [CD4 count 401 (311-489) cells/mm 3 and HIV RNA 5.08 (4.73-5.66) log 10 copies/mL]. Viral RNA from the first available plasma sample was extracted, reverse transcribed, PCR amplified, sequenced directly and checked for contamination as described previously. 15, 16 For all V3 loop sequences, including each cloned variant, HIV-1 coreceptor usage was determined using the following bioinformatics predictors: the geno2pheno algorithm available at http://coreceptor.bioinf.mpi-inf.mpg.de/ adopting a false positive rate (FPR) of 10%; webPSSM (position scoring specific matrix) and ntPSSM available at http://indra.mullins.microbiol.washington. edu/webpssm/; and (ds)Kernel available at http://genome.ulaval.ca/ hiv-dskernel. The phenotypic assay used in the text is an improved version of our previously published assays. 17 -19 Indeed, the NruI cloning site that was introduced into the proviral backbones does not lead to additional artificial amino acid changes. To reduce potential biases due to the contribution of non-V3 regions to coreceptor tropism, two backbones were generated based on R5-or X4-tropic laboratory proviral clones (Figure 1) . V3 sequences were then amplified by nested PCR from the gp120 amplicons or from molecular clones NL4-3 (X4 phenotype) and AD8 (R5 phenotype), and cloned into the NruI-digested vectors p(NL)AD8DV3 or pNL4-3DV3 20 and used to transform XL1-Blue electrocompetent cells. An aliquot of the transformed culture was plated onto LB agar while the remaining liquid culture was grown overnight. Plasmid DNA from the bulk culture and individual clones were then purified. U87.CD4.CCR5 and U87.CD4.CXCR4 cells (NIH AIDS Reagent Program) were plated in 24-well plates (Nunc) at a density of 40000 cells/well and independently transfected 24 h later with 500 ng of each recombinant plasmid carrying a patient's V3 region in both NLgp120 or AD8gp120 vectors (X-tremeGENE 9, Roche). Alternatively, an aliquot of the bulk ligation-derived miniprep was used to transform indicator cell lines to evaluate the population for the presence of minor variants not detected by clonal analysis. Cultures were examined daily for syncytia formation until day 9 (see Supplementary Methods available at JAC Online).
Results
Geno2pheno 10% , PSSM and (ds)Kernel gave identical predictions in 57 (85%) cases. In one otherwise discordant case, (ds)Kernel could not be used due to the complexity of the population sequencing result. Fifty-five population-based sequences were predicted to encode R5 viruses with all algorithms. Two patients were predicted to carry X4-tropic viruses by all algorithms. Geno2pheno 10% predicted the presence of CXCR4 viruses in 12 (18%) patients. Ten samples, all from subtype B viruses, resulted in discordant predictions with at least one algorithm. From the sequences amplified from these 10 patients, V3 loops were all predicted to be derived from X4 viruses by geno2pheno 10% , whereas both (ds)Kernel and PSSM predicted R5 tropism. Interestingly, ntPSSM identified one additional X4 variant (later confirmed by phenotypic analysis) present in the mixed viral population of Patient 5 (Table 1) Ceresola et al. (2) indicates absence of syncytia. For each patient, the V3 loop sequences resulting from population sequencing (in bold) and from each clone (in italics) are reported. All of the clones derived from Patient 2 were incapable of replicating in vitro. Amplification with extensively degenerate primers in Patient 10 gave rise only to defective V3 sequences that could not be further evaluated. In agreement with previous data, control viruses obtained by cloning the NL4-3 V3 sequence into the AD8 backbone were non-functional, while the chimeric virus obtained by cloning the AD8 V3 sequence into the NL4-3 backbone maintained the same coreceptor usage as the donor virus. HIV-1 coreceptor tropism by genotype detected by population sequencing, did more than one clone have to be phenotypically (and genotypically) tested. When using the NL4-3 backbone, V3 loop sequences from Patients 1 (R5 in the AD8 context) and 4 (dual-tropic in the AD8 context) did not result in replication-competent virus, suggesting that an R5 background was necessary and that the analysis of the whole envelope would more closely reflect in vivo tropism. Phenotypic assays performed with the mixed populations of recombinant viruses were concordant with the results obtained by clonal phenotypic assays except for Patient 5, in whom a cloned X4-tropic variant was not detected. The two V3 loops predicted to belong to X4 viruses by all of the genotypic algorithms resulted in X4-tropic viruses in at least one of the recombinant AD8 or NL4-3 backbone-based assays. Using the clonal analysis, we found that these patients carried R5X4 dual-tropic viruses rather than a mixture of solely R5-and X4-tropic variants. One patient (Patient 5) harboured a dual-tropic virus that was correctly predicted only by ntPSSM and geno2pheno. The remaining seven patients harboured R5-tropic viruses (Patients 1, 6, 7, 8, 9, 11 and 12) . If only the detection of CXCR4-using strains (X4-or dual-tropic) is considered, concordance between the phenotypic result and the genotype inferred by PSSM and (ds)Kernel increased to almost 100%. Full concordance between tropism prediction by using population sequencing and phenotypic assays was observed only with ntPSSM. Geno2pheno 10% prediction and the phenotypic assay gave the same results in only 20% of 'discordant' patients (30% including Patient 5). However, if a lower FPR (such as 5) is selected, geno2pheno predicted X4 tropism in only four (6%) 'discordant' patients (namely Patients 3, 4, 7 and 12).
Discussion
Both the US Department of Health and Human Services and the European AIDS Clinical Society antiretroviral guidelines consider the use of maraviroc as an acceptable or alternative regimen for antiretroviral-naive patients. 2, 3 In our phenotypic assay, we found 3% CXCR4-bearing viruses (2/67) [or 4.5% (3/67) considering Patient 5 as carrying an X4 virus], in agreement with other studies based on phenotypic evaluations in PHI. Only the V3 loop of the entire envelope was cloned into the proviral vectors and this may have impaired in some cases the recovery of the replication capacity or the real tropism of all recombinant viruses even if both R5-and X4-tropic backbones were generated to limit this issue. 19 Moreover, even if recombinant viruses are allowed to replicate for several days in indicator cell lines, we cannot exclude for the population analysis of tropism that the presence of minority variants could be missed (such as for Patient 5). Considering our results, for geno2pheno, an FPR of 10%, as currently suggested by European guidelines, seems too high for correct coreceptor prediction in PHI. In fact, in seven patients for which geno2pheno 10% predicted the presence of CXCR4 variants, only R5-tropic clonal variants were detected.
The different results obtained with the three algorithms may be due to the different statistical models used for predictions and partially to how they handle insertions, deletions and ambiguous positions. Because geno2pheno and the latest version of webPSSM (referred to as ntPSSM) allow the input of nucleotide sequences for tropism prediction, permutations, alignment and translation are performed automatically and positions with different amino acids can be scored independently. A common drawback of both geno2pheno and ntPSSM is that when all possible amino acid combinations are inferred from a mixed nucleotide population, they could infer tropism for sequences that do not really exist. In the context of PHI, a mono-/oligoclonal viral population is mostly detected, but this will be a greater problem in chronically infected patients where complex quasispecies are present and where deep-sequencing technologies may be more suited to characterize the viral population.
In conclusion, since geno2pheno 10% X4 overestimation will preclude CCR5 antagonist usage in patients that could benefit from this treatment in the early stage of HIV infection, and despite the low number of samples tested in the present work, other genotypic tools such as ntPSSM and Kernel should be used in this particular category of subjects. Alternatively, a lower and more specific geno2pheno cut-off should be selected, i.e. an FPR of 5%. Indeed, decreasing the FPR to 5% in our study increased the concordance with the phenotypic assay from 20% to 80% and shifted the frequency of CXCR4-tropic virus to 6% (Table 1) .
